c Daptomycin-nonsusceptible vancomycin-resistant Enterococcus faecium (VRE) strains are a formidable emerging threat to patients with comorbidities, leaving few therapeutic options in cases of severe invasive infections. Using a previously characterized isogenic pair of VRE strains from the same patient differing in their daptomycin susceptibilities (Etest MICs of 0.38 mg/liter and 10 mg/liter), we examined the effect of ceftaroline, ceftriaxone, and ampicillin on membrane fluidity and susceptibility of VRE to surface binding and killing by daptomycin and human cathelicidin antimicrobial peptide LL37. Synergy was noted in vitro between daptomycin, ampicillin, and ceftaroline for the daptomycin-susceptible VRE strain, but only ceftaroline showed synergy against the daptomycin-nonsusceptible VRE strain (ϳ2 log 10 CFU reduction at 24 h). Ceftaroline cotreatment increased daptomycin surface binding with an associated increase in membrane fluidity and an increase in the net negative surface charge of the bacteria as evidenced by increased poly-L-lysine binding. Consistent with the observed biophysical changes, ceftaroline resulted in increased binding and killing of daptomycin-nonsusceptible VRE by human cathelicidin LL37. Using a pair of daptomycinsusceptible/nonsusceptible VRE strains, we noted that VRE is ceftaroline resistant, yet ceftaroline confers significant effects on growth rate as well as biophysical changes on the cell surface of VRE that can potentiate the activity of daptomycin and innate cationic host defense peptides, such as cathelicidin. Although limited to just 2 strains, these finding suggest that additional in vivo and in vitro studies need to be done to explore the possibility of using ceftaroline as adjunctive anti-VRE therapy.
L
oss of susceptibility to daptomycin is an increasing concern among vancomycin-resistant Enterococcus faecium (VRE) (1) . When faced with invasive infections by daptomycin-nonsusceptible VRE, clinicians have limited therapeutic options. Of great concern are the lack of a bactericidal agent, antibiotic-associated side effects such as linezolid-induced thrombocytopenia and quinupristin-dalfopristin (QD)-associated myalgias, and drug-drug interactions such as microsomal P450 effects of QD and serotonin syndrome concerns with linezolid and concomitant serotonin reuptake inhibitors. Therefore, a great need exists for infectiousdisease physicians practicing in tertiary medical centers with patients at high risk for VRE infections, e.g., bone marrow and liver transplant recipients, to develop innovative pharmacotherapies to treat such patients (2, 3) . The clinical dilemma faced by physicians treating these patients is further compounded by the facts that novel therapeutics targeting VRE are lacking and that single or combination antibiotics with in vitro activity against VRE have not been clinically validated by appropriate trials (4) .
Our group has previously shown a perhaps counterintuitive effect of ampicillin in converting daptomycin from a bacteriostatic to a bactericidal antibiotic against an ampicillin-resistant bloodstream VRE, with successful clearance of refractory bacteremia by this organism using daptomycin plus ampicillin combination therapy (5) . In this study, ampicillin also conferred increased susceptibility of VRE to killing by innate cationic host defense peptides (HDPs) such as cathelicidin LL37. To further explore the possible benefit of beta-lactams against VRE, we examined ampicillin and ceftaroline each in combination with daptomycin against a previously characterized daptomycin-nonsusceptible VRE strain and its isogenic parent strain (6) .
MATERIALS AND METHODS
Bacterial strains and antimicrobial susceptibility testing. Daptomycinsusceptible VRE strain 8019 and the isogenic daptomycin-nonsusceptible strain 5938 later isolated from the same patient were previously characterized phenotypically and genotypically (6) . VRE strain 5938 was previously reported as having a daptomycin MIC of 192 mg/liter by Etest. However, upon retrieval of this isolate from the freezer for these studies, the daptomycin MIC by Etest was decreased to 10 mg/liter, consistent with the instability of daptomycin nonsusceptibility previously reported (7) . Antimicrobial susceptibility testing was performed by using CLSI methods or the Epsilometer test according to the manufacturer's instructions (bioMérieux, Durham, NC) (8) . Time-kill assays were performed in duplicate using an initial bacterial inoculum of 10 6 CFU/ml in LuriaBertani broth (LB) supplemented with 50 mg/liter calcium, with antibiotic concentrations chosen to encompass readily achievable serum levels of each agent during clinical treatment regimens (9) (10) (11) (12) (13) . Quantitative bacterial counts were determined at 0, 6, and 24 h of incubation at 37°C. LB was chosen because it yielded more consistent results than when using Mueller-Hinton broth.
Cell surface characterization studies. The cell envelopes of the 8019 and 5938 strains were evaluated morphologically and structurally following overnight cultures with study strains in the presence and absence of antibiotics, ampicillin at 50 mg/liter or ceftaroline at 1 mg/liter. Transmission electron microscopy (TEM) was used to determine cell wall thickness and septation, and membrane fluidity was analyzed by fluorescence polarization using 6-diphenyl-1,3,5-hexatriene as previously described (6) . Fluorescein isothiocyanate (FITC)-labeled poly-L-lysine (PLL) binding assays were performed using flow cytometry methods previously described (5) . PLL is a polycationic molecule used to study the interactions of cationic peptides with charged bacterial envelopes. In this analysis, the extent of bacterial-bound FITC-labeled PLL reflects the relative net negative surface charge. A total of 10,000 events were counted and analyzed using a BD FACSCalibur system (Becton, Dickinson Labware, San Jose, CA). Data are expressed as mean relative fluorescent units Ϯ standard deviation (SD). At least two independent experiments of triplicate samples were performed.
Daptomycin binding assays. To determine if various beta-lactam antibiotics were able to impact the ability of daptomycin to bind to the VRE membrane, the organism was grown in LB at 37°C to an optical density at 600 nm (OD 600 ) of 0.6 in the presence or absence of ampicillin at 40 mg/liter, ceftaroline at 5 mg/liter, or ceftriaxone at 20 mg/liter and then incubated for 20 min with Bodipy-fluorescein-labeled daptomycin (Bo-DAP; supplied by Cubist Pharmaceuticals, Lexington, MA). Concentrations of Bo-DAP used were 8 mg/liter for staining of the daptomycinsusceptible VRE and 16 mg/liter for staining of the daptomycin-nonsusceptible VRE. These concentrations of labeled daptomycin were established by pilot studies as optimal for fluorescence microscopy (data not shown). The activity of Bo-DAP has consistently shown an approximately 2-fold increased MIC compared to that of the unlabeled daptomycin molecule (MIC of 1 mg/liter for strain 8019 and 16 to 32 mg/liter for strain 5938). Excess unincorporated label was removed by washing the cells three times in LB. The cells were counterstained with 2 mg/liter 4=,6-diamidino-2-phenylindole (DAPI) in the final LB wash to visualize the nucleoid and then imaged using a Delta Vision deconvolution microscope (Applied Precision, Inc., Issaquah, WA) as previously described (5) .
Human cathelicidin LL37 killing assays. Human cathelicidin LL37 (net charge ϩ 6 at pH 7.5) was purchased from AnaSpec, Inc. (Fremont, CA). The VRE strain was grown to stationary phase in LB either in the absence or presence of the different antibiotics, pelleted and washed in phosphate-buffered saline (PBS), and resuspended to an OD 600 of 0.5 in PBS. Bacteria were diluted to 10 3 CFU/ml in RPMI and 5% LB containing 1ϫ MICs of LL37 (2 M for strain 8019 and 4 M for strain 5938) and incubated at 37°C. Aliquots (10 l) were plated on blood agar after 2 h of incubation, and colonies were enumerated after 24 h to quantify the percentage of surviving bacteria (ϮSD). Results represent three separate experiments performed in duplicate.
LL37 binding assays. The VRE strains were grown in the presence or absence of antibiotics as in the Bo-DAP preparation steps described above, diluted 1:1 in phenol red-free RPMI 1640 medium (Invitrogen, Grand Island, NY) to a final volume of 200 l with 6-carboxytetramethylrhodamine (TAMRA)-labeled LL37 (American Peptide, Sunnyvale, CA) to a final concentration of 4 M, and incubated for 45 min at 37°C with shaking. Bacteria were pelleted, washed 3 times with RPMI, counterstained with 2 mg/liter DAPI in the final wash, and visualized using a DeltaVision deconvolution microscope (Applied Precision, Inc., Issaquah, WA).
Statistics. Statistical evaluations of the differences in survival in the presence of various cationic peptides and differences in PLL binding were performed via Mann-Whitney U test (GraphPad Prism 5.0; GraphPad Software, Inc., San Diego, CA). Differences in cell wall thickness, membrane fluidity, and Bo-DAP or LL37 binding studies were evaluated by nonpaired t test. P values of Ͻ0.05 were considered statistically significant.
RESULTS
Daptomycin, vancomycin, and LL37 MIC activity against VRE, in combination with ceftaroline. Daptomycin and vancomycin MICs were determined for VRE strains 8019 (daptomycin susceptible) and 5938 (daptomycin nonsusceptible) in the presence of increasing concentrations of ampicillin or ceftaroline, as well as selected concentrations of other beta-lactams. Both strains had MICs (mg/liter) in Mueller-Hinton broth as follows: ceftaroline, Ͼ32; ampicillin, Ͼ64; piperacillin, Ͼ64; ceftriaxone, Ͼ64; cefazolin, Ͼ64; linezolid, 2. Of interest, however, was that ceftaroline had appreciable effects on growth on both VRE strains, most notable of which was a dose-dependent decrease in maximal bacterial density (see Fig. S1 in the supplemental material). Morphologically, bacteria grown in the presence of ceftaroline also showed increased chain length (data not shown). Results in Table 1 show a decreased daptomycin MIC of VRE strain 5938 in the presence of ceftaroline across the concentration range expected in vivo after dosing 600 mg every 12 h (q12h). Minimal effects were seen for other beta-lactam agents at much higher concentrations.
MICs to cathelicidin LL37 in RPMI-5% LB for strains 8019 and 5938 were 2 M and 4 M, respectively, consistent with tracking of the susceptibility of daptomycin to cationic antimicrobial peptides (14) . No change in LL37 MIC was observed for strain 8019 in the presence of ceftaroline at 2 mg/liter or ampicillin at 50 mg/liter or for strain 5938 in ampicillin at 50 mg/liter. In ceftaroline at 2 mg/liter, the LL37 MIC decreased consistently (n ϭ 4 experiments) to 2 M for strain 5938.
Ceftaroline enhanced daptomycin killing of both daptomycin-susceptible and -nonsusceptible VRE. In vitro kill curve studies were performed for VRE strains 8019 ( Fig. 1, left) and 5938 ( Fig. 1, right) by using daptomycin alone or in combination with ceftriaxone, ampicillin, or ceftaroline. The concentration of daptomycin utilized was below the MIC, whereas the concentration of the beta-lactam antibiotic was chosen to reflect concentrations achievable with standard dosing. Mean linezolid concentrations of 8 mg/liter expected with standard doses and 4ϫ MIC were performed in parallel for comparison (13) . At the concentrations chosen, growth was seen for daptomycin alone. Synergy was seen with ampicillin and ceftaroline against daptomycin-susceptible VRE 8019. However, for daptomycin-nonsusceptible strain 5938, synergy (e.g., 2 log 10 reduction in CFU) was seen only with ceftaroline plus daptomycin. Ceftriaxone did not enhance daptomycin killing of either strain. Linezolid showed bacteriostatic activity at 8 mg/liter, with CFU counts at 6 and 24 h nearly identical to those in the starting inoculum. Ceftaroline alters cell wall thickness. Growth of daptomycinsusceptible and -nonsusceptible VRE resulted in differences in cell wall thickness with subinhibitory antibiotic exposures, as shown in Fig. 2 (top left) . There were no differences in cell wall thickness between the 2 strains grown in the absence of antibiotic. Against daptomycin-susceptible strain 8019, ampicillin and ceftaroline resulted in decreases in cell wall thickness, while the opposite was seen for daptomycin-resistant strain 5938. We had previously noted significant increases in cell division septum formation for strain 5938 compared to that for strain 8019 (6) . Ceftaroline markedly reduced septum formation in strain 8019 (36% compared to 47%, P Ͻ 0.05, chi-square). Against strain 5938, no significant changes in septum formation were seen with ceftaroline (54%) compared to growth control (58%).
Ceftaroline increases cell membrane fluidity. Previous work has shown that daptomycin resistance in Enterococcus faecium and Enterococcus faecalis may be accompanied by decreases in membrane fluidity (6, 15) . Interestingly, our previous characterization of these 2 strains showed no changes in this property between the strains under standard growth conditions (6) . Growth of strain 5938 in ceftaroline at 1 mg/liter showed significant increases in membrane fluidity, as evidenced by mean polarization index changes by ceftaroline. For strain 8019, membrane fluidity was not significantly different (Fig. 2, top right) .
Ceftaroline decreases net surface charge. Strains 8019 and 5938 were grown in antibiotic-free or ceftaroline-or ampicillinsupplemented medium and subjected to PLL binding studies. As seen in Fig. 3 , strain 5938 exhibited significantly less binding to PLL compared to that of strain 8019, as can be expected upon loss of daptomycin susceptibility. Against strain 8019, only ceftaroline but not ampicillin resulted in an increase in net negative surface charge. Against strain 5938, both ampicillin and ceftaroline resulted in increased PLL binding, reflective of increased negative surface charge on the bacterial surface.
Ceftaroline increases cell surface daptomycin binding. VRE strains 8019 and 5938 were labeled with 8 mg/liter Bo-DAP, dem-
FIG 1
In vitro antibiotic killing assays performed in calcium-supplemented LB (50 mg/liter) for daptomycin-susceptible VRE strain 8019 (left) and daptomycin-nonsusceptible VRE strain 5938 (right) demonstrating log 10 CFU/ml at 6 h (top) and 24 h (bottom). Vertical bar denotes the starting inoculum. Concentrations of antibiotics used were daptomycin at 1 mg/liter for the susceptible strain and 8 mg/liter for the nonsusceptible strain, ampicillin at 40 mg/liter, ceftaroline at 5 mg/liter, and linezolid at 8 mg/liter. Note only daptomycin plus ceftaroline resulted in a net killing of 2 log 10 CFU/ml at 24 h against the daptomycin-nonsusceptible strain.
FIG 2
Cell wall thickness (top left; mean Ϯ SD) and cell membrane polarization fluidity (top right; mean Ϯ SD) in daptomycin-susceptible and -nonsusceptible VRE when exposed to subinhibitory concentrations of ampicillin at 50 mg/liter or ceftaroline at 1 mg/liter. Cell wall thickness measurements were performed on 100 to 140 cells for each group. The polarization index is expressed as degree of fluorescence polarization. Membrane fluidity is inversely corrected to polarization index. *, P Ͻ 0.05; **, P Ͻ 0.0001 compared to the control by unpaired t test. Bottom panels demonstrate representative electron micrographs of daptomycin-susceptible (top row) and daptomycin-nonsusceptible (bottom row) bacteria grown under different antibiotic conditions as shown. The dark bar at the bottom left denotes 500 nm. onstrating reduced relative binding of DAP for nonsusceptible strain 5938 compared to susceptible strain 8019 (see Fig. S2 in the supplemental material). To measure the effect of various antibiotics on Bo-DAP binding, VRE strains 8019 and 5938 were labeled with 8 mg/liter and 16 mg/liter Bo-DAP, respectively, after growth in LB containing no antibiotic, ampicillin at 40 mg/liter, ceftriaxone at 20 mg/liter, or ceftaroline at 5 mg/liter (Fig. 4) . Daptomycin binding on the cell surface was significantly increased by ceftaroline for both strains, as evidenced by the number of binding foci/ cell, without differences in intensity of the foci. Ampicillin increased the number of daptomycin binding foci only for strain 5938 and not for strain 8019. We tested ceftriaxone, as many clinicians might consider the convenience of once daily dosing, but found no effect to increase binding of daptomycin.
Ceftaroline increases killing of and binding to human cathelicidin LL37. Given that daptomycin bound to calcium is a de facto antimicrobial peptide (16), examination of similarities or differences on the effects of ceftaroline or ampicillin on human cathelicidin LL37 killing of the two strains was of interest. Strains 8019 and 5938 were grown to stationary phase in LB media without antibiotic or with ampicillin at 40 mg/liter, ceftriaxone at 20 mg/ liter, or ceftaroline at 5 mg/liter and exposed to LL37 killing assays at MICs for 2 h. Ceftaroline-treated VRE strains 8019 (Fig. 5, left) and 5938 (Fig. 5, right) were significantly more susceptible to LL37 killing than untreated controls. The concentration of ampicillin required to achieve comparable enhancement of LL37 killing was approximately 10-fold higher, at 50 mg/liter. Given that linezolid is the only approved therapy for VRE bloodstream infections, we also examined its ability at 8 mg/liter to sensitize VRE to LL37 and found that it also provided sensitization of strains 8019 and 5938 to LL37 killing (Fig. 5) . Figure 6 shows that growth of VRE 5938 in ampicillin at 40 mg/liter or ceftaroline resulted in increased LL37 (4 M) binding compared to that of cells grown in antibiotic-free medium. Quantitation shows significantly increasing intensity of binding/cell.
DISCUSSION
The lack of available therapies against daptomycin-nonsusceptible VRE requires innovative strategies to fulfill this need. We used a pair of previously characterized VRE strains that differ by their daptomycin susceptibility. We noted a very unstable phenotype in the daptomycin-nonsusceptible strain, consistent with what has been previously reported. Daptomycin susceptibility is driven in large part by differential expressions of various twocomponent regulatory systems influencing surface charge and other properties of the bacterial surface that are modulated based on environmental conditions (17) . Consistent with this property, the daptomycin MIC can be readily increased in strain 5938 upon serial passage in daptomycin-containing media (unpublished observations).
The cephalosporin class of antibiotics has traditionally been considered inactive against E. faecium, which represents the majority of VRE species in which daptomycin nonsusceptibility has emerged. Of interest, however, we noted that ceftaroline was not inert against these 2 strains, as shown by considerable effects on growth, especially on the maximal bacterial density achieved after 24 h (see Fig. S1 in the supplemental material). We had also noted microscopically that ceftaroline results in significant chaining of the bacteria, with resultant lower CFU/OD 600 than bacteria grown in antibiotic-free medium (data not shown). These phenotypes are part of other studies in our lab on the effects of beta-lactams on bacterial autolysins. We are currently investigating the differential effect of class A penicillin binding protein (PBP) inactivation on susceptibility to daptomycin and antimicrobial peptides and whether ceftaroline and/or ampicillin exert their effects on VRE through these targets (15) . Additional evidence by others suggests that low-molecular-weight PBPs, such as ddcP, which influences D-alanine-D-alanine carboxypeptidase activity (16) , warrant study as well, particularly with the possible tangential effects on vancomycin MIC by ceftaroline.
For daptomycin-nonsusceptible VRE strain 5938, daptomycin at 8 mg/liter, which would be close to the maximum free drug concentration in vivo (10) , allows bacterial growth that is not different from growth control. Ceftriaxone showed no appreciable synergy with daptomycin against both daptomycin-susceptible and -nonsusceptible strains 8019 and 5938, respectively. Consistent with our prior data (5), ampicillin resulted in synergy with daptomycin against strain 8019, but this synergy was lost upon emergence of daptomycin resistance in strain 5938. Of great interest, however, is that ceftaroline showed synergy with daptomycin against both strains, achieving Ͼ2 log 10 CFU killing at 24 h. This combination regimen was considerably more potent than linezolid, the only drug currently approved for VRE bacteremia (13) , which was entirely bacteriostatic against both strains. Nevertheless, we did find that linezolid did sensitize VRE to killing by cathelicidin LL37, suggesting that in vivo the drug may yield greater activity than kill curves might suggest. Although not ideal, linezolid has been used to treat VRE bacteremia successfully and is approved for this indication (13) .
In support of the in vitro findings of killing of daptomycin plus ceftaroline against VRE, we have shown that ceftaroline (i) increases daptomycin surface binding against daptomycin-susceptible and -nonsusceptible VRE, with parallel increases in poly-Llysine binding suggesting an increase in the net negative charge, (ii) increases membrane fluidity for daptomycin-nonsusceptible VRE, a property that would be expected to increase susceptibility to daptomycin given that daptomycin-nonsusceptible strains show a decreased membrane fluidity phenotype, and (iii) sensitizes VRE to killing by the cationic antimicrobial peptide human cathelicidin LL37, via increased LL37 binding to the surface of VRE. A summary of the changes is presented in Table 2 . Note that ampicillin and ceftaroline resulted in decreases in cell wall thickness in the daptomycin-susceptible strain and increases in the nonsusceptible strain (Table 2) . Collectively, these data provide an interesting pattern on analysis. First, it appears that enhancement of daptomycin binding by ampicillin may not be consistent across VRE strains, as the daptomycin-susceptible strain in this study did not behave like the strain in our prior study (5) . Nevertheless, it appears that marked decreases in cell wall thickness induced by ampicillin on this strain may somehow render the organism more daptomycin susceptible independent of daptomycin binding. Second, in the setting of increased cell wall thickness that occurs with both ceftaroline and ampicillin, a concomitant increase in membrane fluidity may be necessary to result in daptomycin synergy. Ampicillin, which failed to increase membrane fluidity, failed to show synergy with daptomycin against the daptomycin-nonsusceptible strain. Finally, increased daptomycin binding may not be necessary or sufficient for enhanced daptomycin activity. Daptomycin-susceptible VRE showed synergy with ampicillin plus daptomycin without an improvement in Bo-DAP or poly-L-lysine binding. On the other hand, increased Bo-DAP and poly-L-lysine by ampicillin in the daptomycin-nonsusceptible strain did not result in synergy.
These data are built upon an increasing line of evidence demonstrating that the in vitro effects of antibiotics are not fully appreciated by current methods of susceptibility testing. Specifically, beta-lactam antibiotics appear to have profound effects on betalactam-resistant Gram-positive organisms. Similar to the effects on VRE by ampicillin that we previously discussed (5), we have shown that antistaphylococcal beta-lactams increase susceptibility of methicillin-resistant Staphylococcus aureus (MRSA) to daptomycin and innate immunity (14, 18) . Not all beta-lactams are equal in this effect, as PBP-1 binding beta-lactams are better at potentiating daptomycin activity than non-PBP-1-specific betalactams (19) .
The development of daptomycin nonsusceptibility appears to be multifactorial and complex and, therefore, effects of drugs that restore its susceptibility would be expected to be equally complex (5, (20) (21) (22) . Daptomycin-nonsusceptible enterococci are different from their susceptible counterparts in sensing cell wall stress (via liaFSR) (15, 16, 18) , phospholipid composition (via cls) (20) (21) (22) , and increased proclivity to septation (via ezrA) (6). While we did not perform analysis of phospholipid content with ceftaroline therapy, we noticed changes in septation and cell wall thickness induced by ceftaroline. Perhaps ceftaroline, similar to what has been observed with ceftobiprole (23), binds PBP5 and alters the surface physiology to allow enhanced daptomycin and HDP activity.
It is important to point out that these data are limited to a single daptomycin-susceptible/nonsusceptible pair of VRE strains. As it is well appreciated that clinical strains are quite heterogeneous, ad- ditional in vitro and in vivo studies are needed to explore the effects of ceftaroline on VRE as potential adjunctive therapy and to determine whether all the changes we observed in these strains are generalizable to other clinical VRE strains. Several of us are currently exploring in vitro PK/PD modeling of ceftaroline combination therapy against other VRE strains, while others are completing checkerboard studies of daptomycin plus various betalactams, including ceftaroline, against a larger collection of VRE strains, some of which are daptomycin nonsusceptible. While we did not have the opportunity to employ this combination clinically, we did recently publish a report showing in vitro synergy using daptomycin and ceftaroline in the successful treatment of E. faecalis aortic valve endocarditis (24) . Optimal dosing of daptomycin or ceftaroline, should a clinician choose this combination, remains to be determined, although we might suggest 8 to 10 mg/kg of body weight/day of daptomycin given prior studies showing increased efficacy of higher doses compared to that of Յ6 mg/kg/day (25) .
